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A          cross sectional area of the inlet or outlet air pipe, m2 
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m dry air mass flow rate, kg dry air/h 
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pw  partial pressure exerted by water vapor, kPa 
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RH relative humidity, % 
T temperature, °C 
Taa temperature of inlet ambient air, K 
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v average velocity, m/s 
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wd moisture content (dry basis) of dust, kg water/kg dry solids 
we moisture content (dry basis) of almond milk flaxseed oil emulsion, kg water/kg   dry 
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0AMFOP     0% almond milk flaxseed oil emulsion powder 
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aw  water activity 
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FO  flaxseed oil 
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ICP-OES  inductively coupled plasma- optimal emission spectrophotometry 
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ND not determined 
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PV peroxide value 
SAS statistical analysis software 
SD standard deviation 
SEM scanning electron microscopy 
TBA thiobarbituric acid  
TBARS thiobarbituric acid reactive substances 






Lactose intolerances in toddlers have become a major concern. Almond milk (AM) has 
nutritional benefits and a texture like dairy milk without the content of lactose. Because of longer 
stability and storage, milk is often stored in powdered form.  An almond milk fortified with 
flaxseed oil in powdered form may be an alternative.  Flaxseed oil (FO) contains high amounts 
of alpha-linolenic acid (ALA) which is a precursor to DHA and EPA.  The objectives of this 
study were: the development of an AM spray-dried powder with microencapsulated FO 
(AMFOP), the determination of the mass and energy balance of that AMFOP production, and the 
evaluation of the physicochemical properties of the AMFOP for stability and quality. 
AMs were homogenized with 2% or 4% FO and 8% maltodextrin for 1-minute. The 
maltodextrin was added as a microencapsulating agent. The AMs with FO and maltodextrin 
(AMFOs) were dried in a pilot-scale spray dryer at 150oC and mass and energy balances were 
calculated.  The powders were denoted as 2AMFOP, 4AMFOP, and 0AMFOP (control). Two 
shelf-life studies were performed at 23oC and 40oC for 8-weeks. The powders were analyzed for 
physicochemical and rheological properties. Thiobarbituric-acid reactive substances (TBARS), 
color measurements, scanning electron microscopy (SEM), and light microscopy were 
performed. Triplicate experiments were conducted and statistically analyzed (P< 0.05).  
The energy used (kJ/kg) to spray-dry the AMFOs was 11326.51+265.56, 
11523.38+412.97, and 11669+412.97 for the 0AMFO, 2AMFO, 4AMFO, respectively.  The 
measured production rate of AMFOPs was lower than their estimated production rates.  TBARS 
(mg malondialdehyde equivalents/kg) for 4AMFOP (8.39+0.36) were significantly greater than 
2AMFOP (6.16+0.51) and 0AMFOP (2.64+0.09) after 8-weeks at 23oC.  4AMFOP had higher 




2AMFOP and 4AMFOP at 40oC after 6-weeks was deteriorated, resulting in water insolubility. 
SEM showed spherical morphology and microencapsulation of FO in 2AMFOP and 4AMFOP. 
This study demonstrated that 2AMFOP and 4AMFOP have sufficient stability for 8 weeks of 
storage at 23oC, however, 2AMFOP may be a better choice since its lower concentration of FO 




CHAPTER 1. INTRODUCTION 
 The consumption of non-dairy alternatives has increasingly grown in the last decade in 
the United States of America and the world. Dairy milk alternatives such as almond milk have 
moved away of only providing hydration and refreshment functions. Nowadays, they are 
fortified with minerals, vitamins, favorable fatty acids, antioxidants, and other nutrients 
(Lewandowski, 2015).  The popularity of alternatives to dairy milk has decreased milk sales by 
7% in 2015 and experts project sales to decrease another 11% by 2020 (Rowland, 2017). 
Almond milk’s acceptance and approval has resulted in being first in sales after surpassing soy 
milk in 2013 among alternative milk beverages, increasing yearly sales by 250% over the past 
five years. In May of 2014, almond milk sales comprised two-thirds of the United States plant-
based milk market (Crawford, 2016). The increase of non-dairy milk alternatives diversifies the 
options for consumers such as toddlers and infants. 
Many factors can influence consumers decisions in moving from dairy milk to non-dairy 
plant-based alternatives. For example, many infants and toddlers develop early lactose 
intolerances leading to symptoms including: diarrhea, vomiting, stomach rumbling and pains, 
and constipation (Pawlowska and Umlawaska, 2016).  According to The National Institute of 
Children’s Health and Human Development, there are 30 to 50 million people who are lactose 
intolerant just in the United States and 1 billion lactose intolerant people around the world 
(Rowland, 2017). This shows there is a market for infants and adults when looking for healthier 
choices and wanting to avoid high added sugar and saturated lipid beverages. Factors such as 
food source origin and nutritional content affect the consumers’ decisions when purchasing non-
dairy milk. Almond milk products sold in the supermarket are excellent sources of nutrients 




are lactose free (Pletcher, 2017). Another big factor affecting consumers’ decisions in buying 
non-dairy milk alternatives products is veganism (Murray-Ragg, 2018). Veganism is on the rise; 
individuals who are part of this minority group account for a portion of the sales of almond milk 
in the market. According to economists, the market is being driven by 'inclination toward a 
vegan diet’ and the dairy alternatives are projected to reach a market of $14.36 billion by 2022 
(Chiorando, 2017).  
Flaxseed oil, an emerging oil source, is an important nutraceutical/functional food which 
contains high amounts of alpha-linolenic acid (ALA) (ω-3) (C18:3) (Kajla et al, 2015). High 
levels of this essential fatty acid can have benefits for babies and adults such as reduction of 
cardiovascular diseases, diabetes, cancer, and neurological disorders (Goyal et al., 2014).  The 
consumption of ALA is necessary and essential since the body is not able to produce it. ALA is a 
precursor of other omega 3 fatty acids such as eicosapentaenoic acid (EPA) (C20:5) and 
docosahexaenoic acid (DHA) (C22:6) (Sharma, 2013). The consumption of essential oils and 
omega 3 fatty acids is fundamental for the growth and development of infants and toddlers.  
 Spray drying is a technology that produces dry powders from liquid emulsions using a 
hot gas. Spray drying can preserve food and create microencapsulations of food ingredients 
(Woo and Bhandari, 2013). Hot air is directed to an evaporation chamber where the spray nozzle 
atomizes emulsions and the liquids are dehydrated to dry powders (Parastiwi, 2016). 
Microencapsulations containing lipids consist of the formation of an outer wall material that 
surrounds the oil droplets in the inner layer of the spherical microcapsule (Ré, 1998). This 
creates a beneficial protection against polyunsaturated fatty acid (PUFA) oxidation because oil 




Currently, there is a great interest in producing non-dairy alternatives to dairy milk for 
infants and toddlers by providing high amounts of nutrients and targeting lactose intolerant 
consumers. The combination of almond milk and flaxseed oil in a single food product may be a 
great option for babies and adults that are looking for high nutrient non-dairy alternatives.  
  There have been several studies regarding non-dairy milk alternatives and spray dried 
foods in the last few years; however, scientific literature regarding an almond milk fortification 
with flaxseed oil as the source of polyunsaturated fatty acids is limited (Jafari et al., 2008). The 
overall goal of this study was to design and develop an almond milk powder fortified with 
flaxseed oil at different concentrations using a spray dryer. Sub-objectives included: (1) The 
determination of the mass and energy balance of the flaxseed oil fortified almond milk for the 
Pilot Scale FT80 Tall Form Spray Dryer-Armfield Limited. (2) The characterization of the 
almond milk flaxseed oil powder at two storage conditions for eight weeks. (3) The evaluation of 
the physicochemical properties of the flaxseed oil fortified almond milk powder and rehydrated 











CHAPTER 2. LITERATURE CITED 
2.1  Almond Milk 
Almond milk (AM) is a plant-based milk beverage product from almonds, Prunus 
amygdalus syn. Prunus dulcis, which comes as a white creamy nutty flavor fluid.  Its popularity 
has been in a rise since the product does not contain any cholesterol or lactose, and can be an 
alternative to cow’s milk (Zaidan & Tamimi, 2016). Consumer’s perception of nutritional value 
and health benefits have increase its acceptance now with multiple brands and shelf space in the 
market. It is usually found in multiple ways including: unsweetened, sweetened, vanilla, almond 
coconut blend, chocolate and plain variations (Crawford, 2016). Many individuals recommend 
the consumption of almond milk; some claims show that its low content of saturated fat and 
content of monounsaturated fatty acids can be a better alternative for individuals suffering from 
heart and cardiovascular health. Almond milk is usually fortified with vitamin D, vitamin A, and 
calcium to supply consumers with a variety of nutrients (Szalay, 2015). The high amounts of 
these vitamins and minerals make almond milk a good substitute compared to cow’s milk. 
Almond milk is a beverage that has been consumed over multiple centuries 
2.2  Almond Milk History 
The history of almond milk comes from the middle ages (1300-1450). Religious groups 
such as Islamism and Christianism used this beverage as a substitute food ingredient and 
beverage in times of lent (Bynum, 2010). Also, other civilizations and communities drunk 
almond milk as their main beverage instead of cow’s milk. Multiple historical documents and 
books have stated that people would rather drink almond milk than cow’s milk because of the 
milk spoilage’s risk and lack of preservation techniques (Clarke, 2017). At those times, no 




a famous traditional dessert called harireh badam (Karizaki, 2016). In present-day, consumers 
are drinking more almond milk than ever before leading a decline in sales of dairy milk.   
2.3  Almond Milk Increase Popularity and Facts 
Multiple factors are leading to increased popularity and sales of almond milk. In the last 
decade, a high number of individuals have been diagnosed with lactose intolerance in the U.S 
and the world. According to The Institute of Child Health and Human Development, 90 to 100% 
of Asiatic individuals are lactose intolerant, North American Natives 80 to 100%, African 
American 75%, Hispanic and Latino 50%, and Caucasian 21% (Services, 2015). The high 
number of lactose intolerance individuals in the total population demonstrates the need for 
alternatives. Other factors affecting the consumers decisions for selecting non-dairy milk 
alternatives include: veganism, longer time shelf life, milk protein allergies, and animal abuse 
(Americans, 2016). The popularity of non-dairy alternatives has decreased the demand for cow’s 
milk and increased almond milk sales. In 2012 an increase in sales of almond milk of 59.8% 
from 2011 occurred, instead, cow’s milk sales (%) decreased by a 0.7% (Americans, 2015). In 
2015, almond milk sales hit almost 900 million dollars surpassing any other non-dairy milk 
substitute (Figure 2.1). Data information from Statista database revealed that the two brands Silk 
Pure Diamond and Blue Diamond Almond Breeze represents over 2/3 of all the almond milk 
sold (Duncan, 2018). The increase in sales of non-dairy alternatives and decline of cow’s milk 
sales shows an important trend for consumers’ preferences when purchasing milk. 
A study performed by the Department of Pediatric Science at the University of Messina 
Italy, selected a group of 52 infants between 5 to 9 months with documented cow milk 
intolerance (CDI) (Salprieto et al., 2005). This study provided a daily diet of almond milk to 




group C (n=13). This study supplemented the participants for 6 months and found no influence 
on growth and development for any of the treatments, however, soy milk and protein 
hydrolysate-based formula formed a secondary sensitivity for some participants while subjects in 
group A did not have any secondary reactions. This study concluded that almond milk may be an 
efficacious cow’s milk alternative for infants with lactose intolerances (Salprieto et al., 2005).  
Figure 2.1 Traditional milk and almond milk sales comparison from 2012 to 2015 in U.S. and 
U.S non-dairy milk alternative sales comparison in 2015 retrieved from Americans (2016). 
 
2.4  Almond Milk Production 
Almond milk consists of two main ingredients: almonds and water. Many processers also 
like to complement almond milk with sweeteners such as evaporated cane juice, granulated 
sugar, agave syrup, honey, and maple syrup to increase acceptability (Zaidan & Tamimi, 2016). 
Production of almond milk starts by soaking the almonds in water from 24 to 48 hours. This step 
let the almonds absorb water while releasing anti-nutrients such as phytic acid. The elimination 
of phytic acid from the almonds is an important step because of its high binding affinity for 
minerals such as calcium, iron, and zinc. Phytic acid binding to minerals causes insoluble 
precipitates which are not absorbed by the small intestine and may interfere with the body’s 
nutrient absorption (Hurrell, 2003). After soaking, the almonds are drained and rinsed to remove 




uniform homogenous mixture. A filtration step is used to remove large solid particles from the 
milk. After filtration, additional ingredients such as sweeteners, vitamins, minerals, and gums, 
are added. The product is then high heat pasteurized and ready to be bottled and refrigerated.  
2.5  Almonds  
Almond nuts come from a small bushy deciduous tree (prunus amygdalus) that produces 
edible foods about every eight months. The consumption of almonds has been recorded in the 
bible and around 100 CE. Back at that time, Romans would throw almonds in wedding festivities 
as a sign of fertility for the new couple (Almond Board, 2017). The origins of almonds come 
from the Mediterranean climates of the Middle East (Rieger, 2012). Many countries produce 
almonds; however, the United States is the largest producer. California accounts for 82% of 
almond production in the world (Almond, 2017).  
Almonds can be found on the market as raw, toasted, silvered, or covered in flavors. 
Almonds can also be further processed to become other products such as almond milk, marzipan, 
nougat, cookies, or cakes (Almond, 2017). Other uses include the grinding of almonds to become 
substitute for wheat flour. Almond flour contains no gluten and can be used in baking as a low-
carbohydrate alternative.  Almonds can be categorized as sweet or bitter almonds (Almond 
Board, 2017). Sweet almonds are usually cooked or pasteurized to avoid presence of 
microorganisms such as Salmonella. The processing of almonds is very important to prevent the 
type of outbreaks that occurred in the early 2000s from Salmonella spp. (Harris, Palumbo, 
Beuchat, & Danyluk, 2016). Almonds are a great source of nutrients including vitamins and 
minerals.  
Many consumers choose to eat almonds because of their nutritional content. The content 




healthy product according to nutritionists (Almond, 2017). The nutrient distribution for almonds 
is described in Table 2.1 and Table 2.2. 


















Compiled from USDA (2018). 
                                    DV= Daily value 
 
Almonds have been linked to many benefits in the body including: regulating cholesterol, 
heart health, boosting the immune system, and increasing energy for consumers (Zaidan & 
Tamimi, 2016). The high amount of monounsaturated fats and fiber make almonds a good choice 
for people that want to include higher levels of fiber and unsaturated fatty acids in their diet  












Nutrient   Amount per 100 g DV (%) 
Calcium, Ca 268.00 mg 27 
Copper, Cu 1.03 mg 52 
Iron, Fe 
 
3.71 mg 21 
Magnesium, Mg 270.00 mg 68 
Manganese, Mn 2.18 mg 109 
Phosphorus, P 481.00 mg 48 
Potassium, K 733.00 mg 16 
Selenium, Se 4.10 mcg 6 
Sodium, Na 1.00 mg 0 




Table 2.2 Nutrient and vitamin composition of almonds from USDA 












3.62 mg 18 
Pantothenic 
acid 0.47 mg 5 
Riboflavin 
 
1.14 mg 67 
Thiamin 
 
0.21 mg 14 
Vitamin A 
 
2.00 IU 0 
    Carotene, 








0.14 mcg 7 
Vitamin C 
 
0.00 mg 0 
Vitamin D 
 
0.00 IU 0 
Vitamin E 
 
25.63 mg 85 
    Tocopherol, 
alpha 25.63 mg 
     Tocopherol, 
beta 0.23 mg 
     Tocopherol, 
delta 0.07 mg 
     Tocopherol, 
gamma 0.64 mg 
 Vitamin K   0.00 mcg 0 
         Compiled from USDA (2018) 
                                 DV= Daily value 
2.6  Almond Oil 
Almond oil is extracted from the dried kernel of almonds. This processed is mainly done by 
pressing or with solvent extraction (Liu, Yu, Zhao, Xu, & Zhang, 2017). The characteristics and 
composition of almonds make it insoluble in alcohol but very soluble in chloroform or ether. 
Pressing extraction is usually combined with other methods because of a greater yield of oil 
recovery (Pardo et al., 2016). Solvent extraction provides a greater oil yield, but the use of 




acids with the greatest composition of oleic acid (C18:1) (ω-9) (Table 2.3). Oleic acid is a 
monounsaturated fatty acid that has been linked to decreases in low-density lipoprotein 
cholesterol (LDL) (Baró, 2003). It also has been linked with an increase in fat oxidation and 
body fatness reduction in overweight and obese men (Alves et al., 2014). Almond oil fatty acid 
distribution is comprised of approximately 68% monounsaturated, 22% polyunsaturated, and 
10% saturated fatty acids (Hussain, 2006). According to the Unites States Department of 
Agriculture database, one tbsp. (14g) of almond oil contains 5.3 mg of alpha tocopherol (Vitamin 
E) providing a daily value of 26% (excellent source) (USDAb, 2018).   
Table 2.3 Fatty acid composition of almond oil  
Fatty 
acids   
Content 
(%) 
Palmitic acid (C16:0) 
 
4.0-9.0 
Palmitoleic acid (C16:1) 
 
Max. 0.6 
Stearic acid (C18:0) 
 
1.0-3.0 






Linolenic acid (C18:3)   Max. 0.4 
         Compiled from Provital Group (2006) 
         C=number of carbons 
2.7  Flaxseed  
Flaxseed or linseed from the plant, Linum usitatissimum (“very useful” in Latin), is 
commonly cultivated in cold areas of the world. This plant is one of the richest plant sources of 
omega 3 (ω-3) and lignans (phytoestrogens) (Draganescu, 2015). It has been recorded that 
flaxseed is one of the oldest crops grown since the beginning of civilization (Goyal et al., 2014). 
Countries that preserve cultural traditions such as India, China, and Sri Lanka used “Ayurveda.” 
This medical approach included flaxseed as one of the 200 herbs that had medical benefits for 
the human body (Tanna et al., 2012). It was believed that flaxseed increased physical and mental 




Hippocrates “the father of medicine,” thought that flaxseed could relief abdominal pain and fight 
the cold. In 1000 A.D, Tacitus also eulogized the benefits of flaxseed. About 700 A.D, 
Charlemagne decided to pass laws requiring citizens to consume flaxseed because of its 
important health benefits (Reynolds, 2018). Later on in history, flax was introduced to the United 
States as a fiber for clothing while the oil was used as feed for animals (Goyal et al., 2014).  
There are two types of flaxseed: (1) golden and (2) brown. Golden has similar amounts of 
short chains fatty acids, but its content of omega 3 deviates from the brown flaxseed (Brown 
Flaxseed, 2015). Brown flaxseed instead is used for paint, varnish, fiber and feed for domestic 
animals. In the marketplace, flaxseed is found in different ways which include: flax oil, roasted 
flax, flaxseed, or milled flax. After determining its physicochemical composition, flaxseed is a 
multicomponent food since it contains oil, protein, dietary fiber, soluble polysaccharides, 
lignans, phenolic compounds, vitamins (A, C, and E) and minerals (P, Mg, K, Na, Fe, Cu, Mn, 
and ZN) (Table 2.4) (Goyal et al., 2014).   




100 g of seed 
Nutrients/bioactive 
compounds Quantity/ 100 g of seed 
Carbohydrates 29.0 g Biotin 
  
  
Protein 20.0 g ⍺-tocopherol 7.00 mg 
 Total fats 41.0 g "-tocopherol 10.00 mg 
 Linolenic acid 23.0 g γ-tocopherol 552.00 mg 
 Dietary fiber 28.0 g Calcium 236.00 mg 
 Lignans 10-2,600 mg Copper 1.00 mg 
 Ascorbic acid 0.50 mg Magnesium 431.00 mg 
 Thiamin 0.53 mg Manganese 3.00 mg 
 Riboflavin 0.23 mg Phosphorus 622.00 mg 
 Niacin 3.21 mg Potassium 831.00 mg 
 Pyridoxine 0.61 mg Sodium 27.00 mg 
 Pantothenic acid 0.57 mg Zinc 4.00 mg 






Flaxseed is produced all over the world. The countries that produced flaxseed the most 
include: Canada, China, the United States, and Ethiopia (Ehrensing, 2008). However, Canada is 
the country that produces the largest quantity of flaxseed accounting for 80% of the global 
production (Figure 2.2) (The Flax Industry, 2018). 
Figure 2.2 Flaxseed distribution of production in the world  
2.8  Flaxseed Oil 
 Flaxseed oil (FO) or linseed oil (LO) is an oil extracted from the seeds of flax. Cold 
pressing is the extraction method used in for food-graded flaxseed oil. This method does not use 
any solvent and is performed in the absence of oxygen (Popa et al., 2012).  Flaxseed oil is one of 
the richest sources of the essential fatty acid alpha-linolenic acid (ALA) (C18:3) (ω-3), which is 
a biologically precursor of docosahexaenoic acid (DHA) (C22:6) (ω-3) and eicosapentaenoic 
acid (EPA) (C20:5) (ω-3) (Figure 2.3) (Goncalves, 2014). It also contains some amount of 
linoleic acid (LA) (C18:2) (ω-6), which is a biological precursor of arachidonic acid (AA) 
20:4(ω-6) (Popa et al., 2012).  
The total approximate content of polyunsaturated fatty acids is 73% making flaxseed oil 
an excellent source. Flaxseed oil also has approximately 18% monounsaturated fatty acids, with 




mainly palmitic (C16:0) and stearic acid (C18:0) (Table 2.5) (Mozaffarian, 2005). The food 
sources containing omega 3 (ω-3) fatty acids is shown in Table 2.6. 








       
      Compiled from research paper, flax and  
      flaxseed oil: an ancient medicine and modern  
      functional food (2014). C= number of carbons 
       
The high content of omega 3 fatty acids, especially ALA, makes flaxseed oil a potential 
health supplement and dietary ingredient for the human body. Multiple studies have shown that 
flaxseed oil could reduce total cholesterol, serum triglyceride, low-density lipoprotein cholesterol 
(LDLC), and increase high density lipoprotein cholesterol (HDLC) in patients (Akrami, Nikaein, 
Babajafari, Faghih, & Yarmohammadi, 2018).  
One study performed by the Department of Biochemistry at the University of Winnipeg, 
Canada used seventeen-week old male rats as subjects for an adipose tissue analysis of cytokine 
(IL-6, IL-10, IL-18, IL-2, IFN-c, TNF-a), haptoglobin, monocyte chemoattractant protein-1 
(MCP-1) and adipokine (leptin, adiponectin) levels (Baranowski, 2012). Rats were fed with 
flaxseed oil for a period of 8 weeks.  The results showed that rats fed with flaxseed had reduced 
adipocyte hypertrophy, protein levels of inflammatory markers MCP-1 and TNF-a, and T-cell 
infiltration in adipose tissue. The study suggested that since flaxseed oil has ability to improve 
adipocyte tissue, it has potential health benefits in obesity (Baranowski, 2012). Others studies 
have also linked flaxseed oil consumption and health benefits in the treatment of hypertension, 
Fatty acids  Content (%) 
Palmitic Acid (C16:0)   6.58 
Stearic Acid (C18:0) 4.43 
Oleic Acid (18:1)  18.51 
Linoleic Acid (18:2) 17.25 




improve vascular function, diabetes, cancer, neurological disorders, osteoporosis, arthritis, and 
help inflammation (Goyal et al., 2014). The high content of omega 3, especially ALA, make 
flaxseed oil a potential beneficial supplement to children and adults.  
     Table 2.6 Omega 3 ALA, EPA, DHA content in multiple foods 
Food Grams per serving 
  ALA DHA EPA 
Flaxseed oil, 1 tbsp. 7.26 
  Chia seeds, 1 ounce 5.06 
  English walnuts, 1 ounce 2.57 
  Flaxseed, whole, 1 tbsp. 2.35 
  Salmon, Atlantic, farmed cooked, 3 ounces 
 
1.24 0.59 
Salmon, Atlantic, wild, cooked, 3 ounces 
 
1.22 0.35 
Herring, Atlantic, cooked, 3 ounces 
 
0.94 0.77 
Canola oil, 1 tbsp. 1.28 
  Sardines, canned in tomato sauce, drained, 3 ounces 0.74 0.45 
Mackerel, Atlantic, cooked, 3 ounces 
 
0.59 0.43 
Salmon, pink, canned, drained, 3 ounces 0.04 0.63 0.28 
Soybean oil, 1 tbsps. 0.92 
  Trout, rainbow, wild, cooked, 3 ounces 
 
0.44 0.4 
Black walnuts, 1 ounce 0.76     
Compiled from research paper, fatty acid composition and oil characteristics  
of linseed oil  
ALA= Alpha linolenic acid, DHA= docosahexaenoic acid,  










Figure 2.3. Metabolic pathway of omega 6 and omega 3 fatty acids 
2.9  Spray Drying 
Spray drying is a unit operation mainly used in food preservation where a liquid product 
is atomized into a powder using a hot gas current (Gharsallaoui, Roudaut, Chambin, Voilley, & 
Saurel, 2007). This process uses an atomizer that constantly divides the liquids into very fine 
droplets within the drying chamber (Lisboa, Duarte, & Cavalcanti-Mata, 2018). In the drying 
chamber, convection delivers the energy necessary to heat and vaporize the solvent using 
temperatures ranging from 100 to 300 °C (Al-Mansour et al., 2011). A filter bag and a cyclone 
separate the dried powder, incoming air, and dust (Lisboa et al., 2018). The elimination of 
moisture by the spray dryer reduces foods’ water activity and moisture content. This leads to a 
decrease in food’s microbial activity, chemical degradation, storage space, shipping cost, and an 
increase in shelf life (Gharsallaoui et al., 2007). The spray drying technology is commonly used 




such as vitamins, minerals, flavors, polyunsaturated fatty acids, enzymes and probiotic 
organisms (Solval, 2011). A flow diagram of the pilot plant scale FT80 Tall Form spray dryer 
from Armfield Inc. is described in Figure (2.4).  
Figure 2.4 Flow diagram of the pilot plant scale FT80 Tall Form spray dryer from Armfield Inc. 
 
Spray drying proceeds through multiple processes which include: (I) the delivery of a 
suspension, an emulsion, or a solution propelled through a hose to the atomizer using a pump; 
(II) the atomization of the liquid and particle formation for optimum conditions and desired dried 
characteristics development; (III) atomized liquid direct droplet-air contact in the drying 
chamber with a hot gas (air or nitrogen) evaporates 90-95% of the moisture in a few seconds; 




lost through high temperatures; (V) The dried shell formation at the surface of the droplet. The 
evaporation rate of the product depends on the diffusion of moisture at the surface (Keey & 
Pham, 1976). A direct relationship is seen of higher thickness at the surface when higher 
evaporation rates of moisture occur (Solval, 2011); (VI) The last step separates the final product 
(powder) at the cyclone, filter bag, and electrostatic precipitators. The final product fabricated 
can be a powder, granule, or agglomerate depending on the type of product and design of the 
spray dryer (Gharsallaoui et al., 2007).  
2.10  Atomization 
 The purpose of this stage is to maximized the heat transfer between the dry air and the 
liquid emulsion to form an optimum heat and mass transfer (Gharsallaoui et al., 2007). The 
atomizer has been called the “heart” of the spray dryer which produces tiny droplets of liquids 
that range from 10-50 µm (small) to 2-3 mm (large) depending on the food product that is being 
dehydrated (Patel et al.,2009). The greater the energy use the finer the droplet size, instead, the 
greater the feeding rate the larger the particle size (Masters, 1968). Multiple atomizers designs 
are used in the food industry depending on the food product characteristics, viscosity, and 
composition (Huang et al., 2006). The most common designs include: pressure nozzle, two fluid 
nozzles, rotary disk atomizer, centrifugal, steam, and ultrasonic nozzle (Huang et al., 2006).  
2.11  Spray Dryer Air Flow 
 The incoming hot gas to the main chamber can come in two directions in relation with 
the incoming feed. In co-current air flow, the liquid comes in the same direction with the hot air 
and inlet temperatures usually range from 150-200 °C, the evaporation occurs immediately. The 
dry powders are exposed to temperatures within 50 to 80 °C, so heat sensitive samples could 






 liquid is sprayed in the opposite direction of the incoming hot air. The drying product is exposed 
to high temperatures, so it is only recommended when heat-stable products are used (Francia et 
al., 2016). However, spray drying energy cost is lowered when counter-current conditions are 
applied (Stanković, Leskovšek, Bernik, Šumiga, & Urbas, 2016) (Figure 2.5). 
Figure 2.5 (A) Co-current and (B) Counter-current air flow diagram on spray dryer  
2.12  Microencapsulation 
 According to Edris et al. (2016), the integration of a sensitive or core substance, 
“encapsulate,” in a shell of a wall material for shielding is called microencapsulation. The 
microcapsule consists of a surrounding material that coats the outside of the core material called 
the wall (Figure 2.6). Multiple methods of microencapsulation exist for food ingredients which 
include: extrusion, coacervation, freeze drying and spray drying, although, spray drying is the 
most well-known and popular method used for the food industry (Kaushik et al., 2015). It 
provides economical and flexible results that produce good quality powders (Edris, Kalemba, 
Adamiec, & Piaotkowski, 2016). The microencapsulation of oils, especially, the ones that 




common. Microencapsulation can achieve the ease of handling and protection against oxidation 
of oils (Martínez et al., 2015).   Microencapsulation forms an edible coating material that delays 
the evaporation time for volatile cores, regulates the rate at which the encapsulate leaves the 
microcapsule, enhances the handling of sticky oily material, and provides ease for transportation 
and storage (Hogan et al., 2003). One of the factors to take into consideration, is the type of 
coating material to use. Materials should share some properties which include: film-forming and 
drying properties, emulsifying properties, high water solubility, and low viscosity (Botrel, de 
Barros Fernandes, Borges, & Yoshida, 2014). Typically, the coating materials used are 
carbohydrates or proteins. The addition of hydrolyzed carbohydrates to wall systems has shown 
positive effects in the drying properties of the wall matrix likely because of the development of a 
dry crust around the drying droplets (Kuck and Noreña, 2016). This will increase the oxidation 
stability by reducing oxygen availability (Kagami et al., 2003).  
Figure 2.6 Composition of an oil microcapsule in simplified form 
The addition of carbohydrates alone is generally not recommended as wall materials 




coating and wall materials which include: inulin, pectin, chitosan, glucose, and maltodextrin 
(Bangs & Reineccius, 1988). Proteins have shown to be excellent microencapsulating agents for 
oil and fats (Young et al., 1993). Their elemental property as emulsifiers aids in the process of 
stabilizing food emulsions. It has been recommended to use microencapsulating proteins along 
with carbohydrates to obtain drier emulsions. (Kagami et al., 2003). Multiple studies have 
utilized maltodextrin, a highly branched cyclic dextrin (HBCD), with a combination of proteins 
to microencapsulate oils (Solval, 2011). Presently, there is a lack of scientific literature linking 
the usage of maltodextrin to microencapsulate essential oils using almond milk protein. 
Therefore, more experimental tests should be performed to demonstrate maltodextrin 
microencapsulating capacity using almond milk. 
2.13  Effect on Polyunsaturated Fatty Acids (PUFA) on Children 
 Omega 3 fatty acids have been linked to potential health benefits for infants and children. 
Nearly 60 percent of the brain total weight is composed of fat (Colson, 2010). Essential fatty 
acids (EFAs) are fundamental for optimal health since they are not synthesize by the body and 
must be consumed from dietary and supplemental sources (C.-Y et al., 2009). EFAs are major 
components of the brain and retina with physiologically active functions (Lee, 2013). Several 
studies have associated intake of DHA and EPA as reducing occurrences of Alzheimer’s disease, 
schizophrenia, and deterioration of cognitive function (Lee, 2013). There is strongly evidence 
suggesting a positive association between adequate consumption of EFAs and higher cognition, 
behavior, mood, early brain development and overall mental performance (C.-Y. et al., 2009). A 
meta-review on ALA supplementation in children found significant evidence in 4 to 12 month 
old children for improvements in growth, mental, and psychomotor development and an increase 




state the importance of PUFA in roles such as synthesis of brain neurotransmitters and immune 
system molecules. EFAs functions to increase cell membrane fluidity, decrease free radical 
induced tissue damage (lipoperoxidases), and prostaglandins production including PGE1, PGE2, 
and PGE3 (C.-Y. et al., 2009). The combination of findings and strong evidence on the 
essentiality of EFAs and PUFA as physiologically active nutrients demonstrates the need for 
consumption by children and infants for optimal health and development. Table 2.7 and Table 
2.8 show the recommended intake of fatty acids by age group. 
Table 2.7 Recommended intake of fatty acids in by age group 
Institute of Medicine 2005 ALA mg/day (AI) LA g/day (AI) 
   0-6 months 500 4.4 
7-12 months 500 4.6 
1-3 years 700 7 
4-18 years 900 10 
Pregnancy 1400 13 
Lactation 1300 13 
Adults Varies by age  Varies by age 
ALA, alpha-linolenic acid; AI, Adequate intake; LA, linoleic acid. Compiled from the 
Institute of Medicine 2005. 
 
Table 2.8 Recommended intake of fatty acids by age group 
FAO 2010 DHA mg/day DHA + EPA (AI) mg/day 
   0-6 months 0.1-0.18 E% 
 6-24 months 10-12 mg kg-1 









Pregnancy/lactation 200 300 
ALA, alpha-linolenic acid; AI, Adequate intake; DHA, docosahexaenoic acid; E%, 
energy percentage; LA, linoleic acid; EPA, eicosapentaenoic acid. Compiled from the 





CHAPTER 3. MATERIALS AND METHODS 
 
3.1  Materials 
Unsweetened almond milk (AM) (Almond Breeze, Blue Diamond) was purchased from 
Whole Foods Market in Baton Rouge, Louisiana. The almond milk was stored at 4 °C and kept 
in the refrigerator up to a week (7 days) before processing. Table 3.1 shows the nutritional 
composition of the unsweetened almond milk from Almond Breeze, Blue Diamond.  The 
composition of ingredients of the Almond Breeze almond milk included: 
Table 3.1 Composition of the unsweetened almond milk brand Almond Breeze 
Nutrient Unit           240 ml 
Energy kcal 29.0 
Protein g 1.0 
Total lipid g 2.5 
Carbohydrate g 1.0 
Fiber g 1.0 
Sugars g 0.0 
Minerals 
  Calcium, Ca mg 451.0 
Iron, Fe mg 0.7 
Magnesium, Mg mg 17.0 
Phosphorus, P mg 19.0 
Potassium, K mg 161.0 
Sodium, Na mg 170.0 
Zinc, Zn mg 0.0 
Copper, Cu mg 0.1 
Manganese, Mn mg 0.0 
Vitamins 
  Vitamin C mg 0.0 
Riboflavin mg 0.03 
Vitamin A IU 499.0 
Vitamin D  IU 101.0 





almond milk (filtered water, almonds), calcium carbonate, sea salt, potassium citrate, sunflower 
lecithin, gellan gum, natural flavors, vitamin A palmitate, vitamin D2, D-alpha tocopherol 
(natural vitamin E). Refined flaxseed oil (FO) was also acquired at Whole Foods Market in 
Baton Rouge, Louisiana from their brand 365 and stored at   -18 °C to protect it against oxidative 
damage. Maltodextrin (MD) Carbo Gain was stored at room temperature and purchased by Now 
Foods (Chicago, IL). All other chemical and reagents were purchased from Fisher Scientific 
International, Inc. (Hampton, NH). 
3.2  Emulsion and Powder Production 
Table 3.2 shows the flaxseed oil fortified almond milk emulsion composition. Almond 
milk (AM) was placed in a waring blender Model 51BL32 (McConnellsburg, PA) to produce an 
oil-in-water emulsion with FO.  Additions at 2% and 4% (w/w) of flaxseed oil were added to the 
AM to form stable emulsions, 0% (w/w) FO was used as a control. Maltodextrin (MD) was 
added at 8% (w/w) in all the treatments to function as a microencapsulating agent. The 
immiscible liquids and MD were blended for 1 minute at “high” setting using a waring blender.  
The emulsions for the 0%, 2%, and 4% flaxseed oil were denoted as 0AMFO, 2AMFO, and 
4AMFO, respectively.  The stable emulsions were then refrigerated for a maximum of 2 hours 
before their transformation to powder form with the spray drier technology using the pilot plant 
scale FT80 Tall Form spray dryer from Armfield Inc. (Ringwood, United Kingdom). The 
powders for the 0%, 2%, and 4% were denoted as 0AMFOP, 2AMFOP, and 4AMFOP, 
respectively.   Each treatment was developed in triplicate and results were calculated with mean 







Table 3.2 Composition of the flaxseed oil fortified almond milk emulsion containing different 
concentrations 
Composition 2% (w/w) 4% (w/w) 0% (w/w) 
AM 450 g 440 g 460 g 
FO 10 g 20 g 0 g 
MD 40 g 40 g 40 g 
TOTAL 500 g 500 g 500 g 
       AM, Almond milk; FO, Flaxseed oil; MD, Maltodextrin. 
 
3.3  Characterization of Almond Oil and Flaxseed Oil 
3.3.1 Peroxide Value (PV), 2-Thiobarbituric Acid Value Direct Method (TBA), 
Color Values of AO and FO 
 
Peroxide value for AO and FO was determined by the acetic acid-chloroform Method 
AOAC Cd-8-53 (1953) with an adaptation by Crowe and White (2001) using a small-scale 
method wth 0.5-g samples in triplicate. This method consisted of making a solution of 3:2 (v/v) 
acetic acid (CH3COOH) to chloroform (CHCl3) using graduated cylinders and a beaker. A 
potassium iodide (KI) solution was made by adding 10.0 g of KI in 6.0 ml of distilled water (DI). 
Sodium thiosulfate solution (Na2S2O3) was made at normality of 0.1 with 24.9 g of sodium 
thiosulfate in a liter of distilled water. This solution was then diluted 100 times. The indicator 
used for this titration method was a 1% starch solution from Sigma Aldrich (St. Louis, MO). 
Half a gram (0.5g) of oil was placed into a 250 ml Erlenmeyer flask with 3 ml of the acetic acid-
chloroform solution and 0.05 ml of KI. After 1 minute with occasionally swirling, 0.2 ml of 1% 
starch solution was added. Titration point was reached when the purple indicator color almost 
disappeared, and a clear white or translucent color modification was observed. The results were 
expressed as milliquivalent of peroxide per kg of oil (AO or FO). TBA values were collected 
using the 2-Thiobarbituric acid value direct method for oils AOCS official Method Cd 19-90 
(1990). This method consisted of making a TBA reagent with 200 mg of 2-thiobarbituric acid 




adding 50 mg of sample into a 25ml volumetric flask then filled to the top with 1-butanol. The 
test tubes for the water bath were filled with 5 ml of TBA reagent and 5 ml of sample. Test tubes 
were labeled and sealed in a 95 °C water bath for 2 hours. After 2 hours, the test tubes were 
cooled for 15 minutes and absorbance was measured using the Genesis 20 Thermo Scientific 
spectrophotometer (Hampton, NH). The results were calculated as TBA value. Color for both the 
AO and FO was measured using the Spectrophotometer CM-5 Konica Minolta (Marunouchi, 
Chiyoda, Tokyo). The results were determined using the CIELAB (French Commission 
internationale de l'éclairage) color space (Lab). L* representing lightness-darkness with L*=0 
being darkness and L*=100 being lightness; a* representing redness-greeness, with a* negative 
(-) values being green and positive (+) a* values being red color; b* values represented blueness 
and yellowness with b* negative (-) color being blue and positive (+) b* color being yellow. The 
machine was calibrated using the black and white standards of calibration. In the CIELAB, hue 
represents the distinction between colors positioned around a color wheel; value, the quality of 
darkness and lightness, dark being low value and white being high value and; chroma, the quality 

















3.4  Characterization of Almond Milk Flaxseed Oil Emulsions 
3.4.1 Moisture Content and Total Solids of Emulsions 
Moisture content of the AMFO was measured using the rapid moisture analyzer CEM 
Smart systems 5 (Matthews, NC). The power level on the machine was set to 100% and the 
minimum weight for analysis was 0.2 g and maximum weight of analysis was 10 g. The 
maximum time of drying was set to 10 minutes. Samples were analyzed with an average of 0.3 g 
because of the consistency of results. All the values were measured in triplicate; mean and 
standard deviation were calculated. A range of watts of microwaving of 150-300 w was 
delivered by The SMART System 5. The microwave energy targeted polar compounds such as 
water, organic solvents, and ions to absorb microwave energy and volatile compounds. Solid 
materials remain relatively cool and so the machine was able to calculate the weight loss of 
volatile solvents and calculate moisture content of the samples (Figure 3.2).  
Figure 3.2 Diagram of front of rapid moisture analyzer CEM Smart Systems 5  
3.5  Powder Formation with Spray Drying 
 The emulsions of 2% AMFO, 4% AMFO, and 0% AMFO as a control were dried using a 




with co-current conditions (Figure 3.3). The FT80 include: the inlet and exhaust air fans, a tall 
dryer chamber, the electrical air heating chamber, and a cyclone separator. In order to calculate 
air velocity and temperature of the room, an anemometer (Anemomaster model 6162, Kanomax 
Inc. Japan) was utilized. To calculate the inlet relative humidity, an Omega 4-in-1 
multifunctional anemometer (Omega Engineering, Stamford, CT) was used. The incoming air to 
the heating chamber went in by the inlet fan where the ambient temperature was heated using an 
electric resistance heater at 150 °C.  The liquid emulsions were placed in a feeding container 
where a progressing cavity pump transported them through a plastic hose at 10 ml/min to the 
spray nozzle where the liquid particles atomized and sprayed into the spray drying chamber. The 
maximum temperature of the drying chamber was 250 °C, although, the AMFO was dried at 150 
°C. During the drying process the powder went down to the bottom of the air chamber and the 
cyclone where the powder was collected at the powder collector. Instead, the dust and dry air 
were taken to the dust collector and the air was released through a filter bag out of the spray 
dyer.  
Measurements of the diameter of the internal air intake pipe and exhaust pipe were taken 
as well as exhaust air temperature, relative humidity, and velocity. Three powders were produced 
in the spray dryer from the 0% AMFO, 2% AMFO, 4% AMFO emulsions at 150 °C: 0% 
AMFOP, 2% AMFOP, 4% AMFOP, respectively. All the powders were sprayed dried in 
triplicate to give validity and statistical data for analysis. The average estimated production rate 
was the sum of the average actual production rate and the average powder held at the walls of the 
spray dryer. The difference in the amount of water that entered the spray dryer and the water that 
left the spray dryer with its energy used was calculated. After drying the powders, they were 




Figure 3.3 Pilot Scale FT80 Tall Form Spray Dryer-Armfield Limited® 
3.6  Almond Milk with Flaxseed Oil Production Mass Balance and Energy Balance 
3.6.1 Production Rate of Microencapsulated Powders  
Mass balances were calculated from the average flow rate of dry solids incoming and 
leaving from the spray dryer. Equation 1.  
                 
 
The production rate of the AMFOP is described by Equation 2. 
     
 
me characterizes the average emulsion flow rate with unit kilograms of solids per hour 
(kg/h); mP is the estimate powder production rate which includes both the collected powder and 
the powder held at the spray dryer (walls). md denotes the average dust flow rate in units of 
kilogram per hour (kg/h). For analysis purposes, it was assumed that the physical properties of 
me = mP +md   (1)




the remaining powder inside the spray dryer were the same compared to the physical properties 
of the collected powder in the collection vessels.  Figure 3.4 shows the mass balance structural 
view of the pilot scale spray dryer. 
















3.6.2 Estimation of Energy Used to Dry Emulsions  
In order to calculate the energy, the estimation of energy used for forming the dry 
emulsions for the AMFOP is described in Equation 3. as described by Singh and Heldman 
(2001).  
                                          
 
maa denotes the dry air mass flow rate of the inlet ambient air (kg dry air/h), Cp the specific heat 
of inlet air (kJ/[kg K]); Caa the specific heat of inlet ambient dry air (kJ/[kg K]); Cv the specific 
heat of vapor water (kJ/[kg K]); AHaa  the absolute humidity of inlet ambient air (kg water/kg dry 
air); ΔT the temperature difference between the heated air and ambient air (K); Tad the inlet 
drying air temperature (K); and Taa the ambient air temperature (K). The energies used from the 
feeding pump, compressed air, and the two fans are negligible for the calculations because they 
are smaller compared to the air heater energy. 
3.6.3 Estimation of Evaporation Rate  
The moisture balance for the water entering and exiting the FT80 spray dryer is described 
by the Equation 4.  
     
maa. is the dry air mass flow rate at the inlet ambient air and mao is the mass flow rate of the outlet 
air (kg dry air/h). The mass flow rate of the emulsion is designated as me. (kg dry solids/h) and 
the mass flow rate of dust (kg dry solids/h) as md.  The product flow rate of both the powder 
collected at the cyclone and the container collector and the product in the walls of the spray drier 
is mp. The absolute humidity of inlet ambient air is AHaa and the absolute humidity of the outlet 
ambient air is AHao. (kg water/ kg dry air). The moisture content of the dry emulsion content is we 
and the moisture content of dust, in a dry basis, is wd (kg water/kg dry solids); The moisture 
Q = maacpΔT = maa (caa + cv AHaa )(Tad −Taa )   (3)




content of product is designated as wp. The moisture content of the powder in the walls of the 
spray dryer and the powder collected is assumed to be the same as well as the moisture removal 
after microencapsulation.  
Evaporation rate (Evp) calculated from the moisture content of the emulsion that included 
collected powder at the cyclone and dust collector with Equation 5. 
  
 
The dry mass flow rate of outlet air and the dry mass flow rate of inlet ambient air was estimated 
with the AlChE Testing Procedure (2003) using Equation 6.  
              
m signified the dry air mass flow rate (kg dry air/h); while V is the volumetric flow rate of 
inlet or outlet air (m3/h); the specific volume of inlet or outlet dry air is denoted as V’ (m3/kg dry 




v is the average velocity of the inlet or outlet air as meter per second (m/s) and A the cross-
sectional area of the inlet or outlet air pipe (m2). 
Partial pressure applied by water vapor was calculated with Equation 8. as described by 
Singh and Heldman (2001) 
            
 
pw denoting partial pressured exerted by water vapor (kPa), pv the saturation pressure of water 
vapor (kPa) and RH the relative humidity as a percentage (%). 
The absolute humidity of the inlet and outlet air was determined with Equation 9. as 
described by AlChE equipment Testing Procedure (2003) 
Evp = mewe −mdwd −mPwp    (5)
m = V
′V
   (6)
V = v* A   (7)




                  
 
AH is the absolute humidity of the inlet ambient or outlet air (kg water/kg dry air)’ and pw 
denoted the partial pressure exerted by water vapor (kPa). 
The specific volumes of the inlet or outlet dry air was calculated using Equation 10. as 
described by AlChE equipment Testing Procedure (2003) 
                                    
T denotes the temperature of inlet ambient or outlet air (°C), and AH denoting the absolute 
humidity of inlet or outlet (kg water/kg dry air) 
3.7  Particle Analysis of Almond Milk with Flaxseed Oil Emulsions and Powders 
Scanning Electron Microscopy (SEM)  
The particle analysis of the AMFOP at its different concentrations was evaluated using 
the scanning electron microscopy (SEM) (JSM-6610LV, JEOL Ltd. Japan) using a voltage of 12 
kV. For the SEM samples’ readings, the AMFOP samples were coated with a ratio of 60:40 gold: 
palladium metals using the Edwards S150 coater (Edwards High Vacuum International, 
Wilmington, MA). The powders were photographed at three different magnifications of 1000X, 
500X, and 100X to have a broad picture of its morphology and particle dispersion. The 
photographs were taken at week-0 for the 8-week storage study. 
3.7.1 Light Microscopy Analysis 
 Light microscopy was analyzed for the AMFO emulsions and AMFOP reconstituted 
products to evaluate the fat globule dispersion, size, and overall morphology of the liquids. The 
light microscopy used was the Leica DM6 B (Wetzlar, Germany). Images were taken at three 













procedure in order to place the emulsion and rehydrated products into the microscope. 
Magnifications of 40x and 100x were analyzed with one drop of immersion oil to increase the 
resolution of the image. The exposure utilized for the magnifications (10x, 40x, 100x) was 30, 
24, and 30, respectively. This analysis let us understand the quality of the emulsion and the 
quality of the rehydration product. The photographs were taken at week-0 for the 8-week storage 
study. 
3.8  Characterization of Almond milk with Flaxseed Oil Powders 
3.8.1 Proximate Analysis of Almond Milk with Flaxseed Oil Powders  
The proximate analysis consisted of the determination of total lipids, protein content, 
moisture analysis, ash, and carbohydrates for AMFOP.  The fiber content of the product was also 
determined. Ash, carbohydrates, protein, and fat were obtained from Agricultural Chemistry - 
LSU AgCenter (Equation 11). 
Proximate Analysis = (%&ℎ + )%*+,ℎ-.*%/0& + 1*,/023 + 4%/ +5,2&/6*0) (11) 
 
Protein was obtained from the analysis of total Kjeldahl nitrogen by colorimetric semi-
automated block digestion Method 976.06 AOAC. The digestion was performed using the 
Tecator 2020-001 digestion unit PN 10005164 (Slangerupgade, Denmark). The reagents utilized 
for this method included: sodium salicylate (C7H5NaO3), sodium chloride (NaCl), working 
buffer that consisted of sodium potassium tartrate (KNaC4H4O6·4H2O), 6% Sulfuric acid 
solution (H2SO4) and sodium hypochlorite solution (NaClO). The sample preparation and 
digestion started by weighing 1 g of AMFO and placing it in a digestion tube with the addition of 
20 ml of sulfuric acid. The sample was then placed in a heat block at 408°C for 10 minutes. The 
cooling time was half an hour (30 minutes). Thirteen grams of catalyst were added with 4ml of 




400 °C for 1.5 hours of digestion, then the sample was cooled and deionized water was added to 
volume. The samples were measured with the colorimetric analysis machine and a standard 
curve was performed using ammonium sulfate ((NH₄)₂SO₄). This curve was run from 50ppm to 
200ppm. Every 10 runs, 100ppm of standard was run as a calibration step. Percentage of protein 
(%) was calculated using the protein factor (Equation 12). The conversion factor for crude 
protein in Equation (XX) was selected by the Agricultural Chemistry - LSU AgCenter. 
              % Crude Protein= %	<2/*,=03 ∗ 6.25 (12) 
 
3.8.1.1 Fat Analysis 
 The determination of crude fat was done using the AOAC method 2003.06 (2006). Three 
grams of AMFOP were placed in a thimble and then into the 2050 Soxtec FOSS Extraction Unit 
(Hillerød, Denmark) with the use of petroleum ether. The fat was collected in a cup by 
calculating the difference before and after extraction to give the percentage crude fat (%). 
3.8.1.2 Ash Analysis  
Ash was the determined using the ash analysis AOAC Method 942.05 (2005). It 
consisted of weighing 2 grams of sample into a platinum dish or porcelain crucible. The samples 
were placed in a muffle furnace at 600 °C for 120 minutes (2 hours). Afterwards, the samples 
were taken out of the furnace and placed in a vacuum desiccator to prevent any moisture getting 
in. After some hours of cooling, the samples were weighted. Initial weight and final weight was 
used to determine ash percentage (%) (Equation 13). 
                 
 
 
Ash= (Ashed  Sample Weight − Dish Weight)
Sample Weight




3.8.1.3 Inductively Coupled Plasma-Optimal Emission Spectrophotometry (ICP-OES) 
Mineral Analysis 
 
This method was used in order to identify trace elements (minerals) using the ICP-OES 
metals and other elements Method 985.01. The machine used for this experiment was the Perkin 
Elmer Optima 8300 Dual View Optical Emissions Spectrometer, with argon purged optics 
(Waltham, MA). The calibration blank was obtained using 10 ml of nitric acid (HNO3) to 100 ml 
volume of deionized water dilution. In order to use any sample a digestion preparation was done. 
This digestion of samples was done using the CEM MARS Xpress Microwave and the PFA 
Microwave Digestion Vessels (55ml) (Matthews, NC). This method required the use of multiple 
reagents which included: Nitric acid (HNO3), hydrochloric acid (HCl), DI water (H2O), and 
perchloric acid (HClO₄).  Samples of weights of 0.5 g were placed into the 
perflouroalkoxyalkane (PFA) vessel and then 8 ml of nitric acid were added with 2 ml of 
concentrated hydrochloric acid. The vessel was hand tight with a closing tap then placed into the 
microwave until the samples were digested. The samples were subsequently cool and left-over 
night to run on the ICP. To obtain accurate values, a calibration blank and a standard curve was 
utilized. The calibration curve for each element was done by plotting the concentration of 
emission spectrometry (OES) consists of the delivery of plasma energy to the analysis sample, so 
the elements (atoms) in the sample get excited. After they get excited, they return to their low 
energy position where emission rays are released.  These emission rays can be measured with 
their photon wavelengths. The type of element in the sample depends on the position of the 







Figure 3.5 Diagram of the parts of inductively-coupled plasma optical emission 
spectrophotometer (ICP-OES) 
 
3.8.1.4 Moisture Analysis and Fiber Content Analysis  
Moisture analysis for the AMFOP was determined as described in section 3.4.1. This 
analysis was performed using the rapid moisture analyzer CEM Smart systems 5 (Matthews, 
NC).  Crude fiber for the AMFOP was determined using the Method AOCS Ba 6a-06 (2006). 
This method involved the loss of ignition of the dried residue remaining after the digestion of the 
sample using 0.255N sulfuring acid (H2SO4) and 0.313N sodium hydroxide (NaOH) solutions 
with specific conditions. Samples were blended and homogenized for uniformity. One gram of 
sample was sealed in F57 bags then pre-extracted using a beaker with ether. The bags were then 
inserted into the ANKOM 2000 Automated fiber analyzer (Macedon, NY). This instrument 
automatically performed all the digestion steps making the samples into ash and reporting them 






3.8.2 Color, Water Activity (aw), and Moisture Content. 
Color of the almond milk with flaxseed oil powders was determined in triplicate and the 
Spectrophotometer CM-5 Konica Minolta (Marunouchi, Chiyoda, Tokyo) was used as described 
in section 3.3.1. Moisture content was evaluated for the AMFOP similarly to the prior section 
(3.4.1). All the values were measured in triplicate, mean and standard deviations were calculated. 
Water activity was measured with the water activity meter Pawkit AquaLab Decagon (Pullman, 
Washington). In order to have accurate results, the water activity meter was calibrated using the 
three calibration standards 6.00 mol/kg NaCl (0.760 aw), 13.41 mol/kg LiCl (0.250 aw), and 2.33 
mol/kg NaCl (0.920 aw) (Meter Group Inc, 2017). Water activity measures the energy status of  
Figure 3.6 Water activity stability diagram  
water in a system. It is calculated by equilibrating the liquid phase water in AMFOP with the 
vapor phase of water in the headspace and the current relative humidity. The Pawkit system 




occur. In order to have steady data for water activity all the measurements were taken at room 
temperature since temperature can affect the capacitance sensor temperature. The water activity 
diagram (aw) is described in Figure 3.6. 
3.9  Characterization of Rehydrated Powders 
3.9.1 Rehydration of Almond Milk  
The rehydration of the emulsions of AMFOP with water was done according to the 
British Standards methods (BS, 1986) by adding 90% water and 10% of AMFOP with 1-minute 
stirring (Khalid et al., 2009). The process of rehydration of almond milk powder was tested at 
different ratios and amount of AMFOP/H2O. The 10/90% AMFOP/H2O was the best of the 
tested ratios (AMFOP/H2O) in comparison to the original almond milk product because of 
analogous characteristics in color, texture, appearance, and sensorial properties in the rehydrated 
product. 
3.9.2 pH, Color, and Oxidation Stability of Rehydrated Almond Milk Powders 
The pH of the rehydrated emulsion was determined in triplicate using the pH probe 
apparatus Symphony VWR SB70P (Radnor, Pennsylvania). In order to obtain accurate results, 
the pH meter was calibrated using three solutions at different pHs (4, 7, 10). The apparatus 
automatically identified the buffer solution and adjusted for future readings. Color of the 
rehydrated sample was measured to compared it to the original liquid almond milk version. 
Color measurements were done with the same equipment and procedure as section 3.3.1. 
Oxidation stability of thiobarbituric acid-reactive substances (TBARS) were evaluated in 
triplicate, according to the method described in Mei et al., (1998) with some alterations. The 
method required a TBA solution that consisted of mixing 15g of trichloroactetic acid 




was made in a 100-ml volumetric flask for more accurate measurements. This solution was then 
sealed over night with a glass stopper wrapped with aluminum paper to avoid light getting in and 
mixed with a stir bar over night to dissolve small particles to form a uniform solution. The 
method used 0.3 ml of sample rehydrated emulsion, 0.7 ml of distilled water, and 2 ml of the 
TBA solution for a total of 3 ml. The mixture was heated in boiling distilled water for 15 
minutes, then cooled with cold water for centrifugation at 2000 x g for 15 minutes using an 
Eppendorf Centrifuge 5417C (Hamburg, Germany). Absorbance was measured at 532 using the 
Genesis 20 Thermo Scientific spectrophotometer (Hampton, NH) and values were calculated 
with units of mg malondialdehyde equivalents/kg of AMPOF using a standard curve prepared 
using 0-0.02 mmol/L of 1,1,3,3-tetraethoxypropane. 
3.9.3 Rheological Properties: Flow Behavior and Viscoelastic Properties of Rehydrated 
Almond Milk 
 
 Rheological properties were determined in triplicate using the machine AR 2000 Ex 
Rheometer (TA Instruments, New Castle, DE). The acrylic plate utilized for this experiment was 
a 20-mm diameter and a gap space of 200 µm gap between the two plates. The rehydrated 
emulsions were measured in a temperature-controlled setting at 25 °C and the shear rate was 
within 1 to 100 s-1. In order to find flow behavior index of the rehydrated AMFOP, the power 
law equation was utilized (Equation 14).  
                                                                                           
 
where s = shear stress (Pa.s), = shear rate (s-1), K = consistency index (Pa.sn), and n = flow 
behavior index. To calculate flow index and consistency index the logarithm of s versus the log 
of was plotted. This equation gave n to be the slope of the equation and K was the intercept.  






3.10  Storage Study Experimental Design 
A shelf life study was proposed for this experiment in order to test the overall stability of 
the almond milk flaxseed oil powders in terms of lipid oxidation, texture, and appearance. The 
0AMFOP, 2AMFOP and 4AMFOP were placed in sealed dark glass containers with plastic caps 
at 23 °C and 40 °C for a total time of eight weeks. Incubation temperature at 23 °C was done 
using the ThermoFisher Precision Incubator (Waltham, MA) and the incubation temperatures at 
40 °C were done using the Panasonic MLR-352H-PA Incubator (Newark, NJ). Measurements 
were taken every 2 weeks starting from week 0 for a total of 5 measurement points. All the 
treatments were stored in triplicate to ensure validity when doing statistical analysis. The shelf 
life testing experiments included: color measurements, moisture content, water activity, 
thiobarbituric acid reactive substances (TBARS), viscosity, flow index, consistency index, pH 
after rehydration, and color after rehydration.  
3.11  Statistical Analysis 
All data was analyzed using SAS software version 9.4 (SAS Institute Inc., 2008). Means 
and standard deviations of the data were calculated. Two-way ANOVA and Tukey's Honest 
Significant Difference test were done to determine the differences among treatments at the 




CHAPTER 4. RESULTS AND DISCUSSION   
4.1  Characterization of Almond Oil and Flaxseed Oil 
4.1.1 Peroxide Value (PV), 2-Thiobarbituric Acid Value Direct Method (TBA), Color         
Values of Almond Oil (AO) and Flaxseed Oil (FO) 
 
The thiobarbituric acid reactive substances (TBARS) oxidation test, peroxide value (PV), 
and color (Lab) values are presented in Table 4.1. These values were measured as preliminary 
data and are not part of the 8-week storage analysis. The TBARS for FO were greater than AO. 
TBARS method does not have a standard value to compare to and each sample is associated 
between treatments (Solval, 2011). Therefore, no relation can be determined between AO and 
FO in TBARS values.  After looking at the lipid composition of flaxseed oil and its content of 
approximately 54% alpha-linolenic acid (ALA), flaxseed oil is an oil very prone to oxidation 
(Lazzari and Chiantore, 1999).  According to the Codex Alimentarius Commission, the peroxide 
value should be less than 15 meq/kg oil (Choo et al., 2006). Values above 15 meq/kg oil start to 
impart rancid and unpleasant odors (Gomes, 2009). Both the values for FO and AO were under 













AO at the time of solvent extraction experienced primary oxidation reactions since high peroxide 
value of 14.3±0.43 was measured. instead FO had already experienced primary oxidation 




8.19±0.48 a 0.56±0.05 b 









b*  12.29±3.34a -1.37±0.13b 
All values are means ± SD of triplicate determination. FO= 
Flaxseed oil, AO= Almond oil, TBARS= thiobarbituric acid 
reactive substances, PV= peroxide value, L*= lightness-darkness, 
a*= redness and greenness, b*= yellowness and blueness. ab means 





reactions and for the analysis, it presented mainly secondary reactions of oxidation since TBARS 
measurements were high 8.19±0.48 compared to the control and very low PV was determined 
with 0.28±0.12. FO had a strong yellow color with 12.29± 3.34 b* value and AO had more of a 
transparent appearance with -1.37±0.13 b* value. For both oil AO and FO, there was no 
statistical difference between color a value with -0.41±0.02 for FO and -0.61±0.07 for AO. The 
color a values do not have much variation in oils (Moyano et al., 2008). 
4.2  Characterization of Almond Milk with Flaxseed Oil Emulsions 
Moisture Content and Total Solids of Emulsions 
 
The moisture content and total solids of the almond milk with flaxseed oil emulsions can 
be observed in Table 4.2. When looking at the different emulsions, the greater the concentration 
of flaxseed oil in the emulsions, the lower the moisture content. 0AMFO resulted in 90.20±0.06 
moisture content while 2AMFO and 4AMFO in 88.07±0.12 and 85.97±0.14, respectively. 
Almond milk itself does not have much total solids, therefore, the addition of maltodextrin 
helped increase the total solids. Having greater total solids in the emulsion increases the total 
yield and reduces the time of production for companies that produce powders with the spray 
dryer (Yan and Dong, 2009). The total solids also increased as the amount of flaxseed oil in the  
Table 4.2 Moisture content and total solids of the almond milk with flaxseed oil emulsions 
Analysis   0AMFO 2AMFO 4AMFO 
Moisture (%) 90.20±0.06a 88.07±0.12b 85.97±0.14c 
Total Solids (%) 9.79±0.05a 11.93±0.13b 14.02±0.14c 
abcMeans±SD with different letters within a row are significantly 
different (P < 0.05). 0AMFOP = powder made from almond milk 
with 0% flaxseed oil, 2AMFOP = powder made from almond 
milk with 2% flaxseed oil, and 4AMFOP = powder made from 
almond milk with 4% flaxseed oil.  
 
 
emulsions increased. 0AMFO resulted in 9.79±0.05 total solids while 2AMFO and 4AMFO in 




AM with FO fortification had similar amounts of moisture content and total solids as dairy milk. 
Dairy milk contains approximately 87% water (Benedet, 2018). Having comparable amounts of 
total solids and moisture between dairy milk and AMFO formula helps to match similar 
characteristics that consumers would want when looking for alternatives to dairy milk (Glaeser, 
2003). 
4.3  Mass and Energy Balance for Producing Almond Milk with Flaxseed Oil 
Spray Drying of the Flaxseed Oil Fortified Almond Milk Emulsion 
The estimated production rates for the almond milk flaxseed oil powders ranged from 
0.065 to 0.094 (kg dry solids/h) and the actual production rates ranged from 0.036 to 0.054 (kg 
dry solids/h). The actual production rates were lower compared to the estimated production rate. 
This relates to the amount of product that may have been retained in parts of the spray dryer such 
as the chamber wall, pipes, joints, and cyclone separator walls. Much of the powder retained in 
Table 4.3 Data for the estimation of the production rate of the AMFOP 
abcMeans±SD with different letters within each column are significantly different (P < 0.05). 
Estimated powder production rate included both powder collected through collector vessel 
and product stored on the cambers, pipes, joints, and chamber walls. 0AMFOP = powder 
made from almond milk with 0% flaxseed oil, 2AMFOP = powder made from almond milk 
with 2% flaxseed oil, and 4AMFOP = powder made from almond milk with 4% flaxseed 
oil. 
the spray dryer pieces were able to be collected; however, the very hot surface of the spray dryer 
parts decreased the quality of the powder and oxidation stability, so the product was damaged. 
The mass flow rate for powder and dust, actual production rate for powder, and estimated 






flow rate (10-3  
kg dry solids/h) 
Estimated production 
rate (10-3 kg dry 
solids/h) 
0AMFO Powder 39.58±4.83
a 36.79±3.67 a 65.75±1.16 a 
Dust 0.23±0.08a          0.21±0.06a   
2AMFO Powder 49.83±2.18
b 46.24±1.86 b 79.54±0.77 b 
Dust 0.35±0.07b           0.31±0.07b   
4AMFO Powder 58.44±2.61
c 54.64±3.05 c 94.39±2.57 c 




production rate for powder can be found in Table 4.3. The mass flow rate (kg/h) for the powders 
was statistically different for all the emulsions. A trend was found that as the oil concentration in 
the fortification increased the mass flow rate increased as well because of the increase in the 
solid content for the emulsions. The summary of inlet and outlet air conditions for spray drying 
the OAMFO, 2AMFO, and 4AMFO is depicted in Table 4.4 and Table 4.5, respectively.  
Table 4.4 Summary of inlet air conditions for spray drying the almond milk emulsions 
Conditions 0AMFO 2AMFO 4AMFO 
Ambient air temperature  
(AAT) (°C) 30.00±1.52 31.38±1.62 30.87±0.01 
Inlet air velocity (m/s)  14.61±0.12 14.85±0.30 14.54±0.19 
Internal pipe diameter (m)   0.034 0.034 0.034 
Volumetric flow rate inlet  
air (m3/h) 13.38±0.14 13.48±0.27 13.44±0.01 
Relative humidity of inlet  
air (%) 52.40±2.05 48.45±0.65 50.92±0.22 
Partial pressure exerted by  
water vapor at the inlet  
point (kPa) 
2.04±0.08 2.34±0.35 2.12±0.01 
Saturation pressure of  
water vapor at the inlet 
 point (kPa)* 
3.89 4.84 4.47 
Absolute humidity x 10-3  
of inlet air (kg water/kg  
dry air) 
12.77±0.51 14.79±2.17 13.32±0.01 
Specific volume of inlet  
air (m3/kg dry air) 0.87±0.01 0.88±0.01 0.88±0.02 
Mass flow rate of inlet air  
(kg dry air/h) 15.37±0.13 14.58±0.92 15.33±0.25 
Specific heat of dry air at  
AAT (kJ/kg K)* 1.013 1.013 1.013 
Specific heat of water vapor  
AAT (kJ/kg K)** 1.88 1.88 1.88 
Temperature of drying  
inlet air (K) 423.15 423.15 423.15 
*Obtained from appendix A 4.2 and A 4.4, respectively (Singh and Heldman 2001). ** Selected 







Table 4.5 Summary of outlet air conditions for spray drying the almond milk emulsions 
Conditions  0AMFO 2AMFO 4AMFO 
Outlet air temperature  
(°C) 74.40±1.18 75.15±0.63 74.42±1.28 
Outlet air velocity (m/s)  4.79±0.04 4.49±0.175 4.19±0.01 
Internal pipe diameter (m)   0.072 0.072 0.072 
Volumetric flow rate 
 outlet air (m3/h) 19.51±0.16 18.27±0.72 19.07±0.01 
Relative humidity of  
outlet air (%) 5.73±0.06 6.14±0.14 4.83±0.12 
Partial pressure exerted by  
water vapor (kPa) 2.18±0.12 2.41±0.03 2.43±0.11 
Saturation pressure of  
water vapor (kPa)* 37.97±2.23 39.33±1.38 38.00±2.34 
Absolute humidity x 10-3  
(kg water/kg dry air) 13.66±0.75 15.18±0.19 15.28±0.02 
Specific volume of outlet  
air (m3/kg dry air) 1.00±0.01 1.01±0.03 1.01±0.00 
Mass flow rate of outlet  
air (kg dry air/h) 19.51±0.32 18.10±0.69 18.87±0.04 
*Obtained from appendix A 4.2 and A 4.4, respectively (Singh and Heldman 2001). ** Selected 
as 1.88 kJ/(kg K) according to Singh and Heldman (2001). ***Values are means ± SD of 
triplicate determination 
 
The evaporation rate to produce the almond milk flaxseed oil fortified powders at 150 °C 
is described in Table 4.6. The results for evaporation rate were statistically significant for 
0AMFO with 0.60±0.01 compared to 4AMFO with 0.57±0.01. Instead the evaporation rate for 
2AMFO was not significantly different from either 0AMFO and 4AMFO. The evaporation rate 
may be affected by the composition of the emulsion, since 4AMFO had a lower content of 
moisture compared to 0AMFO. The increase in the solid content of the 2AMFO and 4AMFO 
caused a decrease in the evaporation rate (average diffusion coefficient smaller), resulting from a 
bigger temperature difference (driving force) between the particle and surrounding air 
(Westergaard, 2010). Two factors that have an effect in the evaporation rate is the inlet 
temperature and the humidity in the air. Since these factors were comparable at the time of 




this study was stable at 150°C. Drying at higher temperatures would cause a greater evaporation 
rate. 
The energy used to heat the air the spray drier for the 0AMFO, 2AMFO, 4AMFO were 
not statistically different for each other (P<0.05). Results showed that the energy used to heat the 
air in the spray drier (kJ/kg) were 11326.51±265.56 for 0AMFO, 11523.38±412.97 and 
11669.26±153.56 for 2AMFO and 4AMFO, respectively. The used power (W) to spray dry an 
amount (kg) of emulsion is the energy used (kJ/kg) to heat the air to spray dry the same amount 
of emulsion (kg) in a given time (s). The power (W) to dry the emulsions was 2.09, 2.13 and 2.16 
for the 0AMFO, 2AMFO, 4AMFO, respectively.  





0AMFO 2AMFO 4AMFO 
Evaporation rate  
(kg water/h)1 150 0.60±0.01
a 0.58±0.01ab 0.57±0.01b 
Energy used to  
heat the air in the 
spray drier 
(kJ/kg) 
150 11326.51±265.56a 11523.38±412.97a 11669.26±153.56a 
1Calculated based on the moisture content of almond milk flaxseed oil emulsion mixed with 
maltodextrin, powder recovered from cyclone collector vessel, and dust (kg water/h). a 
Means±SD with the same letter in a row are not significantly different (P < 0.05). 0AMFO = 
almond milk with 0% flaxseed oil, 2AMFO = almond milk with 2% flaxseed oil, and 4AMFO = 
almond milk with 4% flaxseed oil. 
 
The heat energy for heating the ambient air was generated by an electric heater. The 
power requirements in this study were well within the available power of the electric heater (4.5 
kW) of the FT80/81 Tall Form spray dryer (Spray dryer manual, Armfield, Ringwood, UK). The 
higher the temperature, the greater the power needed. The maximum temperature that can be 
used in the FT80/81 Tall Form spray dryer is 250°C (Armfield, 2018).  At temperatures of 250°C 




4.4  Particle Analysis of Almond Milk with Flaxseed Oil Emulsions and Powders 
4.4.1 Light Microscopy Analysis  
Light microscopy analysis photographs from the almond milk flaxseed oil fortified 
emulsions are presented in Figure 4.1. All the photographs were taken at a magnification of 10x 
and results showed that 0AMFO had large spherical particles spread throughout. Instead, 
2AMFO and 4AMFO had a greater amount of smaller spherical particles and greater uniformity 
than 0AMFO. Observations showed that size of particles for both flaxseed oil fortified 2AMFO 
and 4AMFO emulsions were similar. Having uniformity in the dispersion of oil droplets show 
greater stability as an emulsion. Having greater stability as an emulsion helps withstand process 
conditions such as pumping, extraction, filtration, extrusion, and in this case, spray drying 
processing (Qunzio et al., 2018). The already present ingredients such as gellan gum, sunflower 
lecithin and the added maltodextrin could help in the stabilization of the almond milk flaxseed 
oil as an emulsion (Quinzio et al., 2018). 
4.4.2 Scanning Electron Microscopy (SEM) Analysis 
Scanning electron microscopy photographs from the flaxseed oil fortified almond milk 
powder are presented in Figure 4.2. All the photographs were taken with a magnification of 
1000x and results showed that all of the treatments 2AMFOP, 4AMFOP, and the control 
(0AMFOP) were microencapsulated and their particles had a spherical shape. The usage of the 
spray dryer with the atomizer and the utilization of a microencapsulating agent such as 
maltodextrin ensured that the powder was microencapsulated (Balasubramani et al., 2013). 
Having a core material inside a matrix aids in the protection of the polyunsaturated lipids against 





Figure 4.1 Light microscopy photographs at 10x for flaxseed oil fortified almond milk emulsions. From left to right: 0AMFOP, 




Figure 4.2 Scanning electron microscopy (SEM) photographs at 1000x for flaxseed oil fortified almond milk powder. From left to 





4.5  Characterization of Almond Milk with Flaxseed Oil Powders 
4.5.1 Proximate Composition of the Almond Milk Flaxseed Oil Emulsion Powders 
The proximate composition of the almond milk flaxseed oil fortified powders can be seen 
in Table 4.7. The results were analyzed on a wet basis and converted in dry basis. Findings show 
that as the fortification of flaxseed oil increased the percentage in the total of lipids in a dry basis 
increased as well. When comparing 0AMFOP to 4AMFOP there is an increased of 12-fold in the 
total lipid percentage. Subsequently, as the total oil percentage increased the other variables 
decreased. The main composition of all the powders was carbohydrates with 0AMFOP, 
2AMFOP, and 4AMFOP with 86.47±0.22, 74.61±2.01, and 65.17±3.73 g/100g in a dry basis, 
respectively. The fiber content for the almond milk flaxseed oil fortified product was very 
minimal. The almond milk processing facilities filter out the fiber containing portions leaving the 
milky liquid material (Zaidan & Tamimi, 2016). The flaxseed oil after refining is also filtered 
from lignans and other fiber containing materials. The results show consistent findings after 
taking into account the composition of the ingredient materials.  
Table 4.7 Proximate analysis and fiber analysis of flaxseed oil fortified almond milk powders  
Analysis  0AMFOP 2AMFOP 4AMFOP 
Moisture (wet basis) 7.35±0.09 7.12±0.08 6.56±0.07 
Total Lipids (g/100g solid, dry basis) 2.27±0.15 16.21±1.44 27.08±3.03 
Crude Protein (g/100g solid, dry basis) 4.43±0.15 3.72±0.08 3.26±0.08 
Carbohydrates (g/ 100g solid, dry basis) 86.47±0.22 74.61±2.01 65.17±3.73 
Ash (g/100g solid, dry basis) 6.84±0.63 5.46±0.65 4.49±0.64 
Fiber (g/100g solid, dry basis) 0.07±0.02 0.17±0.06 0.35±0.01 
0AMFOP = powder made from almond milk with 0% flaxseed oil, 2AMFOP = powder made 
from almond milk with 2% flaxseed oil, and 4AMFOP = powder made from almond milk with 









4.5.2 Color, Water Activity (aw), and Moisture Content for Almond Milk Flaxseed       
Oil Powders 
 
The color values for the powders 0AMFOP, 2AMFOP, and 4AMFOP for temperatures 
23°C and 40 °C are displayed in Tables 4.8. and Table 4.9. L* value measures the lightness of 
the sample emulsions; color values a* and b* measure redness-greenness and blueness-
yellowness. L* value statistically (P<0.05) decreased in all the treatments through the 8 weeks 
for both temperatures 23°C and 40 °C. Instead, b* value decreased through the 8 weeks for 23°C. 
At 40°C color b* value decreased up to week 4 and a rapid increase in b* value occurred after 
week 6 and week 8 at 40°C for 2AMFOP and 4AMFOP, but not for the control. The product at 
these two storage temperatures 2AMFOP and 4AMFOP became insoluble in water and its 
chemical composition was altered due to temperature abuse. The constant high temperature of 
40°C may have caused an interaction of reducing sugars and amino acids causing maillard 
browning and so produced an increase in yellowness after week 6 and week 8 at 40°C (Nie et al., 
2013). The chemical composition alteration also affected the a* value in both 2AMFOP and 
4AMFOP at 40°C at week 6 and week 8. All a* values for both temperatures were positive, 
however, at week 6 a* became negative. Week 6 of 2AMFOP and 4AMFOP at 40 °C were -
0.76±0.01 and -1.07±0.03, respectively. At week 8, 2AMFOP and 4AMFOP, a* values were -






Table 4.8 Color of AMFOP after storage at 23 °C. 




0% 90.98 ± 0.49aA 90.56 ± 0.88aA 79.96 ± 1.83bA 80.03 ± 2.55bA 81.99 ± 2.97bA 
2% 90.71 ± 0.69aA 89.50 ± 0.69aA 80.28 ± 2.70bA 81.48 ± 0.92bA 80.34 ± 1.42bA 




0% 0.45 ± 0.07 aA 0.41 ± 0.08 aA 0.32 ± 0.21 aA 0.61 ± 0.08 aA 0.44 ± 0.16 aA 
2% 0.32 ± 0.02 aB 0.5 ± 0.05 abA 0.32 ± 0.08 aA 0.44 ± 0.09 abA 0.58 ± 0.16 bA 




0% 10.35 ± 0.50 aA 9.22 ± 0.88 aA 8.4 ± 0.76 aA 8.92 ± 1.66 aA 8.54 ± 0.88 aA 
2% 11.76 ± 0.15 aB 11.97 ± 0.33 aA 10.58 ± 1.48 aA 10.72 ± 0.44 aAB 10.46 ± 0.73 aB 
4% 15.43 ± 0.21 aC 14.77 ± 0.28 abA 14.73 ± 0.88 abB 13.71 ± 1.55 abB 12.79 ± 0.52 bC 
abcMeans±SD with different letters within a column indicate significant difference (P < 0.05). ABC Means±SD with different letters 
within a column indicate significant difference (P < 0.05).  L* = lightness to darkness, a* = redness to greenness, b* = yellowness to 
blueness. 
 
Table 4.9 Color of AMFOP after storage at 40 °C  
40 °C 
 




0% 90.97 ± 0.50 aA 90.01 ± 0.16 aA 81.29 ± 1.19 bA 82.21 ± 1.12 bA 80.68 ± 0.53 bA 
2% 90.7 ± 0.68 aA 89.45 ± 0.23 aA 80.53 ± 0.86 bA 84.4 ± 2.25 bA 84.64 ± 2.65 bA 




0% 0.46 ± 0.07 aA 0.4 ± 0.02 aA 0.53 ± 0.23 aA 0.64 ± 0.13 aA 0.44 ± 0.01 aA 
2% 0.32 ± 0.03 aB 0.49 ± 0.04 aA 0.34 ± 0.13 aA - 0.76 ± 0.01 bB - 1.25 ± 0.03 cB 




0% 10.35 ± 0.50 aA 9.22 ± 0.88 aA 9.6 ± 0.78 aA 9.28 ± 0.57 aA 8.92 ± 0.37 aA 
2% 11.76 ± 0.15 abB 11.97 ± 0.33 abB 9.94 ± 0.37 aA 11.13 ± 0.81 abA 14.04 ± 2.32 bB 
4% 15.43 ± 0.21 acC 14.77 ± 0.28 cC 10.57 ± 0.31 dA 16.93 ± 0.64 abB 17.65 ± 1.33 bB 
abcMeans±SD with different letters within a column indicate significant difference (P < 0.05). ABC Means±SD with different letters 





Water activity (aw) for the AMFOP for both storage temperatures is shown in Figure 4.3 
and Figure 4.4. At storage temperature of 23°C aw was very constant and stable through the 8-
week period. The stability of the AMFOP in terms of water activity is a good indication of 
retained quality. Nevertheless, water activity statistically increased at 40°C week 8 compared to 
week 0. Aw results for week 0 and week 8 for 2AMFOP were 0.21±0.01 and 0.37±0.01, 
respectively. aw results for week 0 and week 8 for 4AMFOP were 0.18±0.02 and 0.36±0.03, 
respectively.  The increase in water activity is likely due to structural modifications in the 
composition of AMFOP exchanging bound and absorbed water into free water, so increasing the 
aw (Mathlouthi, 2001).  
Figure 4.3 Water activity of AMFOP during storage at 23 °C. aMeans±SD with the same letter 
within the same treatments at different storage times indicate no significant difference (P ≥ 0.05). 
AMeans±SD with the same letter between treatments at the same storage times indicate no 
significant difference (P ≥ 0.05). 0AMFOP = powder made from almond milk with 0% flaxseed 
oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, and 4AMFOP = powder 





Figure 4.4 Water activity of AMFOP during storage at 40 °C. abcMeans±SD with different letters 
within the same treatments at different storage times indicate significant difference (P < 0.05). 
A,BMeans±SD with different letters between treatments at the same storage times indicate 
significant difference (P < 0.05). 0AMFOP = powder made from almond milk with 0% flaxseed 
oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, and 4AMFOP = powder 
made from almond milk with 4% flaxseed oil. 
 
Moisture content (%) for the AMFOP for both storage temperatures is shown in Figure 
4.5 and Figure 4.6. Week 0 shows statistically significant results of lower moisture content 
compared to the other weeks at both storage temperatures. The moisture content in week 0 for 
the AMFOP treatments ranged from 4.9 to 5.8 (%). Instead, for week 2, week 4, week 6, and 
week 8, the moisture content ranged from 6.6 to 9.4 (%). The rapid increase in moisture content 
can be explained by the amount of headspace inside the glass container from the powder to the 
lid. Half an inch of headspace was left for inside the containers and a transfer of moisture from 
the head space to the powders is a possibility, especially, because of the hygroscopicity of the 





Figure 4.5 Moisture content of AMFOP during storage at 23 °C. a,bMeans±SD with different 
letters within the same treatments at different storage times indicate significant difference (P < 
0.05). A,BMeans±SD with different letters between treatments at the same storage times indicate 
significant difference (P < 0.05).  
 
Figure 4.6 Moisture content of AMFOP during storage at 40 °C. a,bMeans±SD with different 
letters within the same treatments at different storage times indicate significant difference (P < 
0.05). A,BMeans±SD with different letters between treatments at the same storage times indicate 





conditions and the water activity inside the package headspace as well as package permeability 
(Koc et al., 2010). 
4.6  Characterization of Almond Milk with Flaxseed Oil Rehydrated Powders 
4.6.1 Color, pH, and Oxidation Stability of Rehydrated Almond Milk Flaxseed Oil Powders 
Color analysis for the rehydrated flaxseed oil fortified almond milk powder at storage 
temperatures of 23°C and 40°C is presented in Tables 4.10 and Table 4.11. It was observed in 
both storage temperatures an increase in L* value as flaxseed oil fortification increased.  The 
values for rehydrated 0AMFOP were statistically lower in L* value (P <0.05) at both 23°C and 
40°C than rehydrated 2AMFOP and 4AMFOP except for temperature of 40 °C at two weeks for 
rehydrated 0AMFOP, 2AMFOP, and 4AMFOP, 67.9 ± 1.85, 70.49 ± 0.23, and 70.4 ± 1.30, 
respectively. Meanwhile, all the values for rehydrated flaxseed oil fortified almond milk powders 
had similar L* value compared to the original Almond Breeze product. This showed analogous 
characteristics of the rehydrated fortified products compared to the original product. One trend 
that was also observed in the rehydrated flaxseed oil fortified almond milk powder was the 
increase in yellowness (b* value) as one increase the oil concentration in each week. The slightly 
yellower color per treatment could be a factor that consumers could associate with health and 
could increase the acceptability of the product. Color measurements for 2AMFOP, and 4AMFOP 
were not possible at week 6 and week 8. A compositional modification in the chemical structure 
of the AMFOP was changed and this formed insoluble components in the powders at these 
weeks. Therefore, rehydrated products for the fortifications at these weeks were not measure and 
in Table 4.6. A ND acronym or not determined is written. Graphical photos for the comparison 
in solubility of 2AMFOP and 4AMFOP at the two storage temperatures can be seen in Figure 




Table 4.10 Color of rehydrated AMFOP after shelf-life study at 23 °C  
23 °C  
 




0% 67.49 ± 0.61 abA 66.23 ± 1.39 bB 68.85 ± 0.41 aA 68.37 ± 0.68 abA 68.29 ± 0.9 abA  
2% 71.6 ± 0.01 aB 70.39 ± 0.55 aA 71.61 ± 0.48 aB 71.96 ± 1.19 aA 71.76 ± 0.40 aB 71.44±1.7 




0% -0.97 ± 0.07 aB - 0.34 ± 0.68 aA -1.02 ± 0.07 aA - 0.96 ± 0.34 aA - 0.9 ± 0.20 aA  
2% -1.33 ± 0.02 aA -0.41 ± 0.16 bA -1.19 ± 0.21 aA - 1.13 ± 0.24 aA - 0.92 ± 0.30 abA -0.72±0.3  




0% 8.64 ± 0.73 aA 7.13 ± 1.74 aB 7.26 ± 0.35 aB 7.42 ± 0.96 aA 7.93 ± 0.87 aA  
2% 11.37 ± 0.01 bB 11.01 ± 0.79 abA 9.94 ± 0.19 bcA 9.51 ± 0.55 cAB 9.15 ± 0.35 cAB 4.6±0.13  
4% 14.69 ± 0.51 aC 11.78 ± 0.77 bA 10.38 ± 0.62 bA 10.1 ± 1.13 bB 9.9 ± 0.60 bB  
abcMeans±SD with different letters within a column indicate significant difference (P < 0.05). L* = lightness to darkness, a* = redness 
to greenness, b* = yellowness to blueness. Almond B = Almond Breeze (original almond milk). 
 
 Table 4.11 Color of rehydrated AMFOP after shelf-life study at 40 °C 
 abcMeans±SD with different letters within a column indicate significant difference (P < 0.05). L* = lightness to darkness, a* = redness 








0% 67.5 ± 0.61 aA 67.9 ± 1.85 aA 67.4 ± 0.42 aA 67.89 ± 0.69 a 68.73 ± 1.03 a  
2% 71.8 ± 0.20 aB 70.49 ± 0.23 bA 69.9 ± 0.51 bB ND ND 71.44±1.7 




0% - 0.95 ± 0.04 aA - 0.42 ± 0.70 aA - 0.77 ± 0.08 aA - 0.96 ± 0.19 a - 0.53 ± 0.19 a  
2% - 1.34 ± 0.02 abB - 1.15 ± 0.12 bA - 1.40 ± 0.07 aB ND ND -0.72±0.3  




0% 8.64 ± 0.69 aA 7.44 ± 1.38 aA 8.81 ± 0.25 aA 8.36 ± 0.64 a 8.73 ± 0.47 a  
2% 11.41 ± 0.04 aB 8.72 ± 0.11 bA 8.95 ± 0.42 cA ND ND 4.6±0.13  





Figure 4.7 Photo of rehydrated 0AMFOP, 2AMFOP, and 4AMFOP week 6 at 23 °C storage 
temperature 
 
Figure 4.8 Photo of rehydrated 2AMFOP, and 4AMFOP week 6 at 40 °C storage temperature 
Analysis of pH for the rehydrated products 0AMFOP, 2AMFOP, 4AMFOP at both 
storage temperatures 23°C and 40°C and original Almond Breeze product can be seen in Figure 
4.9 and Figure 4.10. The range of pH for all the treatments and the original Almond Breeze 
beverage was from 8 to 9. There was not a statistical difference throughout the weeks at both 
storage temperatures between the pH of the original product and the pH of the 0AMFOP, 
2AMFOP, 4AMFOP. At week 8 the pH at 23 °C for 0AMFOP, 2AMFOP, 4AMFOP were 8.7± 




results also provide similar characteristics of the almond milk flaxseed oil fortified formula 
compared to the original. Having similar characteristics plus adding the nutritional benefits is a 
complement for the consumers. Again, at week 6 and week 8 at 40°C the AMFOP at 2% and 4% 




Figure 4.9 pH of AMFOP during storage at 23 °C. aMeans±SD with the same letter within the 
same treatments at different storage times indicate no significant difference (P ≥ 0.05). 
AMeans±SD with the same letter between treatments at the same storage times indicate no 
significant difference (P ≥ 0.05). 0AMFOP = powder made from almond milk with 0% flaxseed 
oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, and 4AMFOP = powder 














Figure 4.10 pH of AMFOP during storage at 40 °C. aMeans±SD with the same letter within the 
same treatments at different storage times indicate no significant difference (P ≥ 0.05). 
AMeans±SD with the same letter between treatments at the same storage times indicate no 
significant difference (P ≥ 0.05). 0AMFOP = powder made from almond milk with 0% flaxseed 
oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, and 4AMFOP = powder 
made from almond milk with 4% flaxseed oil. 
 
 
The oxidation stability TBARS of the 0AMFOP, 2AMFOP, 4AMFOP at both storage 
temperatures 23°C and 40°C can be seen in Figure 4.11 and Figure 4.12.  The TBARS values 
(mg MDA/ kg sample) were significantly greater for 4AMFOP, and 2AMFOP compared to 
0AMFOP at both temperatures. All treatments at each week were statistically different from each 
other (P<0.05). The storage temperature of 40 °C resulted in very high TBARS values compared 
to 23 °C. At week 8 for 23°C 0AMFOP, 2 AMFOP, and 4AMFOP values were 2.69±0.23, 
6.16±0.51, 8.39±0.36, respectively. Instead, at week 8 for 40°C 0AMFOP, 2 AMFOP, and 
4AMFOP values were 2.03±0.07, 9.8±0.8, and 14.2±0.0, respectively. After comparison the 
increase in oxidation potential from the different AMFOP treatments per week, temperature of 




However, at 40 °C oxidation of 0AMFOP increased by approximately 7-fold compared to 
4AMFOP. TBARS method does not have a standard limit to compared to, therefore, each sample 
is associated between treatments (Solval, 2011). A 7-fold increase in oxidation from the control 
caused separation in the sample and insolubility in water as described in Figure 4.6. The 
oxidative stability of the product at 40 °C decreased and at least for 8 weeks the oxidative 
stability of oxidation has been maintained when taking into account that only a 3-fold increase in 
TBARS was seen and the product was still soluble in water and homogeneity was found. 
According to ABG et al. (2016), the upper consumption limit for MDA in food products is 7-8 
mg MDA/kg sample. When looking at 2AMFOP, TBARS MDA/kg sample for 23°C at 8-week 
of storage were 6.16±0.51, an acceptable value for consumption. 
Figure 4.11 TBARS of AMFOP during storage at 23 °C. 0AMFOP = powder made from almond 
milk with 0% flaxseed oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, 
and 4AMFOP = powder made from almond milk with 4% flaxseed oil. TBARS = thiobarbituric 





Figure 4.12 TBARS of AMFOP during storage at 40 °C. 0AMFOP = powder made from almond 
milk with 0% flaxseed oil, 2AMFOP = powder made from almond milk with 2% flaxseed oil, 
and 4AMFOP = powder made from almond milk with 4% flaxseed oil. TBARS = thiobarbituric 
acid reactive substances and MDA = malondialdehyde. 
 
4.6.2  Rheological Properties: Flow Behavior and Viscoelastic Properties 
Flow behavior for the rehydrated flaxseed oil fortified almond milk powder at storage 
temperatures of 23°C and 40°C is presented in Figure 4.13 and Figure 4.14. Throughout the 
weeks each treatment, 0AMFOP, 2AMFOP, and 4AMFOP had no significant difference (P 
<0.05) in flow index values for both storage temperatures. However, each treatment after the 
addition of flaxseed oil significantly varied from each other. The original composition of the 
Almond Breeze almond milk contained gellan gum as a thickening agent, and sunflower lecithin 
as an emulsifier. The usage of these ingredients creates similar characteristics to dairy cow milk 
and modifies the flow behavioral properties of the liquid (Alamprese and Mariotti, 2011). 




et al, 2017). Non-Newtonian fluid defined as a fluid that does not follow Newton’s laws on 
viscosity depending on shear stress and shear rate (Dan and Vebjorn, 2018). 
The Almond Breeze, original formula, resulted in 0.72±0.03 flow index, instead the 
0AMFOP rehydrated milk at week 0 at 23°C was 0.64±0.09. The addition of maltodextrin should 
have also affected the flow index of the almond milk flaxseed oil formula. After analyzing the 
flow behavior for each treatment, it was found that 0AMFOP was statistically different per week 
than 2AMFOP and 4AMFOP in each week. It was also found that 2AMFOP was also 
statistically different from 4AMFOP. In week 0 at 23°C 0AMFOP flow index value was 
0.64±0.09, while 2AMFOP and 4AMFOP were 0.73±0.04 and 0.82±0.03, respectively. In week 
0 at 40°C 0AMFOP flow index value was 0.64±0.04, while 2AMFOP and 4AMFOP were 
0.75±0.14 and 0.82±0.01, respectively.  
The increase in flaxseed oil fortification increased the flow behavior properties to be 
closer to a Newtonian fluid (n = 1). Newtonian fluids are characterized because the viscous 
stresses coming from its flow, at every point, are linear compared to the local strain (Aziz and 
Mohamed, 2017). Because of the high temperature at 40°C after week 6 and week 8 for 
2AMFOP, and 4AMFOP measurements for flow index were not taken since the powders could 







Figure 4.13 Flow behavior index of AMFOP during storage at 23 °C. aMeans±SD with the same 
letter within the same treatments at different storage times indicate no significant difference (P ≥ 
0.05). ABCMeans±SD with different letters between treatments at the same storage times indicate 
significant difference (P < 0.05).  
Figure 4.14 Flow behavior index of AMFOP during storage at 40 °C. aMeans±SD with the same 
letter within the same treatments at different storage times indicate no significant difference (P ≥ 
0.05). ABCMeans±SD with different letters between treatments at the same storage times indicate 





Viscosity for the rehydrated flaxseed oil fortified almond milk powder at storage 
temperatures of 23°C and 40°C is presented in Figure 4.15. and Figure 4.16. Viscosity (Pa s), the 
internal friction of fluids causing resistance to flow, was found to be statistically greater in 
0AMFOP compared to 2AMFOP and 4AMFOP (Fu, 2013). This directly relates with the flow 
behavior experienced by each treatment. Because of the original content of thickening agents and 
emulsifiers, 0AMFOP was found to be more viscous. Ingredients such as gellan gum, and 
sunflower lecithin increase the viscosity of the almond milk flaxseed oil formulas. The addition 
of maltodextrin increased the total solids of the formula, having a greater solid content in the 
rehydrated powders also increased the viscosity of a product (Adebowale et al., 2013). Instead, 
as the flaxseed oil was added to the treatments, the viscosity decreased. Viscosity did not change 
over time and no significant difference was found. In week 0 at 23 °C 0AMFOP viscosity was 
0.028±0.002 while 2AMFOP and 4AMFOP viscosities were 0.0240±0.0003 and 0.0210±0.0010, 
respectively. In week 0 at 40 °C 0AMFOP viscosity was 0.026±0.0030 while 2AMFOP and 
4AMFOP viscosities were 0.0235±0.0003 and 0.0200±0.0010, respectively. Because of the high 
temperatures at 40°C after week 6 and week 8 for 2AMFOP and 4AMFOP measurements for 
viscosity were not taken since the powders could not be rehydrated completely and results would 





Figure 4.15 Apparent viscosity of AMFOP during storage at 23 °C. aMeans±SD with the same 
letter within the same treatments at different storage times indicate no significant difference (P ≥ 
0.05). ABCMeans±SD with different letters between treatments at the same storage times indicate 
significant difference (P < 0.05).  
Figure 4.16 Apparent viscosity of AMFOP during storage at 40 °C. aMeans±SD with the same 
letter within the same treatments at different storage times indicate no significant difference (P ≥ 
0.05). ABCMeans±SD with different letters between treatments at the same storage times indicate 





CHAPTER 5. SUMMARY AND CONCLUSIONS 
 Almond milk is an excellent dairy milk alternative for babies, children, and adults, 
especially, the ones suffering from milk intolerances or milk allergies. Its fortification with 
vitamins and minerals make almond milk a compatible choice compared to dairy milk. Its 
popularity, high consumer perception, and availability in the market make almond milk a target 
beverage for buyers. Almond milk sales in 2015 tremendously increased hitting and all-time 
record of almost 900 million dollars in sales. On the other side, flaxseed oil, a historical 
functional food has been considered one of the most beneficial foods across the world due to its 
high content of polyunsaturated fatty acids (ω-3 PUFA) such as alpha linolenic acid (ALA).    
 High amounts of polyunsaturated fatty acids have been linked to benefit young children 
in their growth and development including psychomotor, mood, and brain development. The 
development of a beverage that can meet the nutritional guidelines for babies and toddlers and 
also provide an alternative to dairy milk shall be an exceptional option for multiple families and 
children in need. The main objective of this study was to design and develop an almond milk 
powder fortified with flaxseed oil at different concentrations using a spray dryer. Sub-objectives 
included: (1) The determination of the mass and energy balance of the flaxseed oil fortified 
almond milk for the Pilot Scale FT80 Tall Form Spray Dryer-Armfield Limited. (2) The 
characterization of the almond milk flaxseed oil powder at two storage conditions for eight 
weeks. (3) The evaluation of the physicochemical properties of the flaxseed oil fortified almond 
milk powder and rehydrated almond milk to achieve optimal stability and quality.   
Three stable emulsions were prepared using fresh almond milk (AM) and flaxseed oil 
(FO).  Additions at 2%, 4% of flaxseed oil were added to the AM to obtain stable emulsions, 0% 




microencapsulating agent during spray drying. The immiscible liquids and MD were blended for 
1 minute at “high” setting using a waring blender. The stable emulsions were then refrigerated 
for a maximum of 2 hours before their transformation to powder form with the spray drier 
technology. The spray dried inlet temperature used for the emulsion was 150°C. The powder 
forms were denoted as 0AMFOP, 2AMFOP, and 4AMFOP for 0%, 2%, and 4% flaxseed oil, 
respectively. Each treatment was developed in triplicate and results were calculated with mean 
and standard deviations.  
Results showed that the energy used (kJ/kg) to spray-dry the AMFOs was not 
significantly different for the 0AMFO, 2AMFO, and 4AMFO. The measured production rate of 
AMFOPs was lower than their estimated production rates.  TBARS (mg malondialdehyde 
equivalents/kg) for 4AMFOP were significantly greater than 2AMFOP and 0AMFOP after 8-
weeks at 23oC.  4AMFOP had higher color b* than 2AMFOP and 0AMFOP resulting in a 
yellower powder at 23oC. The quality of the 2AMFOP and 4AMFOP at 40oC after 6-weeks was 
deteriorated, resulting in water insolubility and powder caking. SEM showed spherical 
morphology and microencapsulation of FO in 2AMFOP and 4AMFOP. 
In summary, this study demonstrated that temperature abuse or high temperature storage 
(40°C) for the flaxseed oil fortified almond milk powder is not ideal. Physicochemical 
modifications in the composition of the product reduced the powders solubility in water 
decreasing their quality and stability. This study demonstrated that 2AMFOP and 4AMFOP have 
sufficient stability for an 8-week storage at 23 °C, however, 2AMFOP may be a better choice 
since its lower concentration of FO results in less oxidation. The data obtained in this research 
could be useful for individuals researching with flaxseed oil in terms of stability and oxidation 




polyunsaturated fatty acids. Data for energy expenditure and mass balance for the flaxseed oil 
fortified almond milk treatments using the spray dryer give essential ground information for 
companies and researchers that want to reproduce this product or products with similar 
characteristics. The addition of antioxidants to the formulation may be ideal. This will likely 
reduce the oxidative potential of the polyunsaturated fatty acids in the powder during production 
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